1. Introduction {#sec1}
===============

Lung cancer is the leading cause of cancer related death in both men and women combined, and in 2014 there were estimated 224,210 new cases and 159,260 deaths. Of these cases, approximately 85% were categorized as non-small cell lung cancer (NSCLC), with squamous cell carcinoma, adenocarcinoma, and large cell carcinoma as the other subtypes \[[@B1]\]. Based on the lack of preventative screening and late detection, lung cancer diagnoses are often associated with a serious prognosis. Unlike other cancers, individuals diagnosed with Stage IA lung cancer have merely a 49% chance of a 5-year observed survival rate, whereas Stage I colon cancer is 92% and nearly 100% for Stages I and II in prostate cancer \[[@B1]\]. Identification and utilization of the most useful therapeutic options for patients diagnosed with NSCLC is of great importance, considering the low survival rates.

Traditionally, therapies directed toward vascular endothelial growth factor (VEGF) and epidermal growth factor receptor (EGFR) antagonists are used in NSCLC treatment \[[@B2]\]. Approximately 40% of patients are in advanced stages of NSCLC when undergoing treatment, so combination therapy is administered in cycles, but often times this does not greatly influence survival rates \[[@B3]\]. Compacted by inefficient therapeutic regimens and low survival rates, identification of possible novel and effective therapeutics in NSCLC is of utmost importance. Leptomycin B (LMB) is classified as a broad-spectrum antitumor antibiotic and it is derived from*Streptomyces* sp. Strain ATS1287 \[[@B4]\]. LMB acts on the chromosomal region maintenance 1 (CRM1) protein that is responsible for the nuclear export of RNA, as well as proteins involved in tumor suppression, apoptosis, and cell cycle progression, from the nucleus to the cytoplasm \[[@B5]\]. Through Michael-type addition reactions, LMB promotes the alkylation of cysteine 528 (Cys528), which ultimately inhibits the construction of the CRM1-cargo-RanGTP export complex responsible for nuclear transport to the cytoplasm \[[@B6]\]. In preliminary*in vitro* and murine*in vivo* testing, LMB was regarded as a promising therapeutic option against a multitude of cancer cell cultures and experimental tumors \[[@B7]--[@B12]\]. However, in Phase I clinical trials, LMB demonstrated unusual toxicity in patients resulting in malaise, vomiting, and anorexia, thereby contributing to the cessation of LMB clinical trials \[[@B13]\]. With the encouraging experimental findings*in vivo* and*in vitro*, it is worthwhile to identify possible compounds that could be coupled with LMB to enhance its effects, while decreasing the dose and reducing unwanted side effects.

Green tea is one of the most consumed beverages worldwide and epigallocatechin-3-gallate (EGCG) is the major catechin in green tea, followed by epigallocatechin, epicatechin-3-gallate, and epicatechin. EGCG alone comprises 50--80% of the total catechin content in green tea \[[@B14]\]. At present, research substantiates that green tea polyphenols promote antimutagenic, anticarcinogenic, and antitumor properties, so the role of green tea in chemoprevention and its possible therapeutic effects is of great value \[[@B15]\]. More specifically, EGCG has been found to promote cell cycle arrest \[[@B16]\], inhibit cellular proliferation \[[@B17]\], stimulate the induction of apoptosis \[[@B18]\], inhibit metastasis, and inhibit angiogenesis as well \[[@B19]\]. Green tea demonstrates inhibitory effects in a variety of cancers in animal models including lung cancer, while epidemiological studies involving humans have been inconclusive \[[@B20]\]. To date, no studies have examined the implementation of combination treatment of LMB with EGCG in lung cancer cells. In the present study, we found that LMB coupled with an experimentally relevant EGCG concentration augments the cytotoxic effect of LMB in lung adenocarcinoma A549 cells, possibly through regulating metabolic and p21/survivin pathways.

2. Materials and Methods {#sec2}
========================

2.1. Chemicals {#sec2.1}
--------------

LMB (LC Labs, Woburn, MA) was dissolved in ethanol (Sigma, St. Louis, MO) to make a 10 *μ*M stock solution and EGCG (≥95%, Sigma, St. Louis, MO) was dissolved in dimethyl sulfoxide (DMSO, Sigma, St. Louis, MO) to make a 50 mM stock solution and stored at −80°C in an amber vial. N-Acetyl-L-cysteine (NAC, Sigma, St. Louis, MO) was dissolved in water to make a 0.5 M stock solution. RPMI-1640 growth medium, penicillin/streptomycin, and fetal bovine serum (FBS) were purchased from Thermo Scientific (Pittsburg, PA). Hyclone (1x) porcine trypsin was purchased from GE Healthcare Life Sciences (Logan, UT). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was purchased from Usb Corporation (CA, USA) and dichlorofluorescein diacetate (DCFDA) was purchased from Sigma (St. Louis, MO). Phosphate buffered saline (1x PBS) was purchased from Gibco Life Technologies (Grand Island, NY). RNeasy Blood and Tissue kits were purchased from QIAGEN (MD, USA). The one-step real time-polymerase chain reaction (RT-PCR) kit with SYBR green was purchased from Bio-Rad (Hercules, CA). The following primers for PCR were purchased from Eurofins (Luxembourg): CYP 1A1/1A2/1B1/3A4, GSTP1, Mn-superoxide dismutase (SOD), glutathione peroxidase 1 (GPX1), p53, p21, survivin, CRM1, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Radioimmunoprecipitation assay (RIPA) lysis buffer was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The primary antibodies, p21 and survivin, were purchased from Santa Cruz Biotechnology. *α*-Tubulin was used as the internal control and was purchased from Cell Signaling (Beverly, MA). Horseradish peroxidase- (HRP-) conjugated donkey anti-rabbit IgG and an enhanced chemiluminescence (ECL) kit were purchased from GE Healthcare (Piscataway, NJ).

2.2. Cell Culture {#sec2.2}
-----------------

Human lung adenocarcinoma cells, A549, were purchased from the American Type Culture Collection (ATCC). Cell culture was conducted following our previous study \[[@B12]\]. In short, A549 cells were cultured in RPMI-1640 medium supplemented with 5% FBS, 50 U/mL penicillin, and 50 mg/mL streptomycin, and the cells were incubated at 37°C in a humidified incubator containing 95% air and 5% CO~2~. Once the cells reached approximately 80% confluency, they were subcultured or plated using trypsin (0.25%).

2.3. MTT Assay {#sec2.3}
--------------

A549 cells were seeded into 96-well plates at a density of 5 × 10^3^ cells per well. Cells were treated with the following concentrations: (1) EGCG alone (0--160 *μ*M) for 24 and 48 h, (2) LMB (0--10 nM) alone for 24 and 48 h, and (3) LMB (0--10 nM) + EGCG (20 *μ*M) cotreatment for 24 and 48 h. The treatment medium was aspirated from the wells and 10 *μ*L of 5 mg/mL of MTT was added to 90 *μ*L of new medium to each well and incubated for 3 h at 37°C. After incubation, the MTT was removed from the wells and the cells were dissolved with 100 *μ*L of 100% DMSO and absorbance was measured at 570 nm (reference wavelength of 630 nm) using a Synergy 4 BioTek microplate reader (BioTek Instruments, Inc., Vermont). This experiment was performed independently in triplicate, with a total of 6 replicates per treatment in each experiment. The percent of cell viability was calculated using the following equation: mean absorbance of test wells/mean absorbance of control wells × 100.

2.4. ROS Production {#sec2.4}
-------------------

As previously described, DCFDA was used to measure reactive oxygen species (ROS) activity in A549 cells \[[@B21]\]. A549 cells were seeded into 96-well plates at 5 × 10^3^ cells per well. Cells were treated for 30 min, 2, 4, 8, 12, 16, 24, and 48 h in 3 independent experiments. In order to confirm our results that LMB + EGCG treatment promoted the formation of ROS, we further conducted DCFDA assays with the well-studied and commonly used ROS scavenger, NAC \[[@B22], [@B23]\]. Based on the findings of other studies \[[@B24]--[@B26]\] and our preliminary MTT data for NAC, A549 cells were pretreated with 10 mM of NAC for 2 h. After treatment, cells were washed twice with 100 *μ*L 1x PBS and then incubated in 100 *μ*L 1x PBS containing 20 *μ*M (final concentration) DCFDA for 45 min at 37°C. ROS fluorescence was then measured at an excitation of 485 nm and an emission of 535 nm using a Synergy 4 BioTek microplate reader (BioTek Instruments, Inc.). The fluorescence in treated cells at each time point was compared to its respective control.

2.5. Isolation of Total RNA {#sec2.5}
---------------------------

Following the RNeasy plus mini kit manual instructions, total RNA was isolated from 1 × 10^6^ A549 cells treated in 6 well plates for 48 h. Cell lysis buffer was added to each well and scraped, and the genomic DNA was removed from the lysate after homogenization. The RNA was eluted by the addition of 30 *μ*L of RNase-free water. The RNA was stored in the −80°C freezer until needed. The concentration of RNA was measured by a Nanodrop 1000 Spectrophotometer (Thermo Scientific, Waltham, MA) at an OD of 260 nm. RNA samples with OD A260/A280 ratios within 1.9--2.1 were used for qRT-PCR.

2.6. Quantitative Real-Time PCR (qRT-PCR) {#sec2.6}
-----------------------------------------

Total RNA (50 ng) was collected from cells treated for 48 h and amplified using a one-step RT-PCR kit with SYBR green following manufacturer instructions. A CFX96 Touch Real-Time PCR Detection System (Bio-Rad) was used to perform single-step RT-PCR amplifications after reverse transcription. Reverse transcription occurred as follows: 50°C for 15 min, denaturation and reverse transcriptase enzyme inactivation at 95°C for 5 min, followed by 40 cycles each containing 10 sec for denaturation at 95°C and 30 sec for annealing and extension at 60°C. Melt curve analysis was used to determine the specificity of the PCR products, and GAPDH served as the housekeeping gene. The Ct values of the genes of interest were normalized with GAPDH and the ΔΔCt method was utilized to calculate the fold-change in gene expression. Nontemplate controls were included for every experiment. Primer sequences are included in [Table 1](#tab1){ref-type="table"}.

2.7. Western Blot {#sec2.7}
-----------------

A549 cells were treated in petri dishes for 48 h and protein was collected upon washing with 1x PBS and lysing with RIPA lysis buffer. Protein lysate was sonicated and then centrifuged at 13,000 ×g for 5 min and then the supernatant was collected and stored in the −80°C freezer until needed. A Bio-Rad Bradford protein assay was used to determine protein lysate concentration for each treatment. Boiled and chilled protein lysate (30 *μ*g) containing 10 *μ*L of loading dye was loaded into each gel along with the protein ladder (GE Healthcare) and separated by 12% SDS-polyacrylamide gel electrophoresis (SDS-PAGE). The protein was then transferred to a polyvinylidene fluoride (PVDF) membrane using a semidry transfer system (Trans-Blot Semi-Dry transfer cell, Bio-Rad). The membrane was then incubated in blocking buffer comprised of 3% nonfat dry milk in 1x tris-buffered saline and 0.1% Tween20 (1x TBST) for 1 h. Following blocking, the membrane was placed in the appropriate primary antibody overnight at 4°C. Antibodies were detected using HRP-conjugated donkey anti-rabbit IgG (1 : 1000) and ECL. Visualization of the protein on the membrane occurred upon exposure to X-ray film.

2.8. Statistical Analyses {#sec2.8}
-------------------------

Factorial analysis of variance (ANOVA) was performed to test the effects of LMB and/or EGCG on cell cytotoxicity and ROS production. One-way ANOVA was used to determine the difference in gene expression between groups. All analyses were performed using SPSS 13.0 software and differences at *P* \< 0.05 were considered statistically significant.

3. Results {#sec3}
==========

3.1. EGCG and LMB Cytotoxicity {#sec3.1}
------------------------------

The effect of EGCG on A549 cells was determined by MTT assay. After 24 and 48 h of EGCG treatment (5--160 *μ*M), cytotoxicity was induced in a dose-dependent manner ([Figure 1(a)](#fig1){ref-type="fig"}). EGCG concentrations at 40 *μ*M or greater significantly induced cytotoxicity in A549 cells when compared to the control (*P* \< 0.005), so 20 *μ*M EGCG was used for subsequent combination studies with LMB. Additionally, 20 *μ*M of EGCG is regarded as a low and safe concentration of EGCG for human subjects \[[@B27]\]. A549 cells were exposed to varying concentrations of EGCG (0, 5, 10, and 20 *μ*M) and no changes in mRNA expression of CRM1 were observed upon treatment (data not shown).

In order to determine the effects of individual LMB treatment and cotreatment of LMB with 20 *μ*M of EGCG (LMB + EGCG) in A549 cells, MTT assay was implemented. Based on previous preliminary studies conducted in our lab \[[@B11], [@B12]\], 0.25--10 nM LMB was used and data were collected at 24 and 48 h. [Figure 1(b)](#fig1){ref-type="fig"} shows the number of viable cells after 24 h of treatment. No remarkable changes in cytotoxicity were observed in cells treated with either LMB or LMB + EGCG for 24 h. [Figure 1(b)](#fig1){ref-type="fig"} also demonstrates reductions in the number of viable cells after 48 h. After 48 h, LMB and/or LMB + EGCG significantly induced cytotoxicity in A549 cells (*P* \< 0.001). Moreover, this reduction was more pronounced in LMB + EGCG as compared to LMB alone (*P* \< 0.001).

3.2. Effects of LMB and EGCG on ROS {#sec3.2}
-----------------------------------

Factorial ANOVA analysis showed a significant association between ROS formation and treatment time (*P* \< 0.001) and the treatment time and dose interaction (*P* \< 0.001) ([Figure 2](#fig2){ref-type="fig"}). ROS formation was not altered in cells treated with LMB and/or EGCG for 30 min, 8, 12, and 16 h (data not shown for 8 and 16 h). EGCG by itself did not change ROS formation at any tested time points. The maximum ROS formation was observed 2 h after treatment in 5 nM LMB + EGCG. A significant ROS induction was observed in cells treated with 0.5 nM LMB + EGCG, 5 nM LMB, and 5 nM LMB + EGCG at 2 h as well as 5 nM LMB + EGCG at 4 h (*P* \< 0.05, as compared to DMSO control). In addition, ROS formation at 2 h significantly increased in 5 nM LMB + EGCG compared to 5 nM LMB (*P* \< 0.05). Significant reduction in ROS occurred in A549 cells treated with LMB or LMB + EGCG for 24 and 48 h (*P* \< 0.05, as compared to DMSO control), and this phenomenon was more remarkable in cells after 48-hour treatment compared to 24-hour treatment (*P* \< 0.001). Additionally, as shown in [Figure 2](#fig2){ref-type="fig"}, cells pretreated with NAC for 2 h significantly decreased ROS formation in A549 cells treated with LMB and/or EGCG for 2 and 4 h (*P* \< 0.01), and a significant interaction between treatment groups and NAC was observed (*P* \< 0.05).

3.3. Effects of LMB and EGCG on Phase I Metabolism {#sec3.3}
--------------------------------------------------

In order to determine possible metabolic regulation, the following cytochrome P450 enzymes (CYPs) were examined using qRT-PCR: CYP1A1/1B1/1A2/3A4 (CYP1A1, CYP1B1, and CYP1A2 data not shown). A549 cell treatment groups were vehicle control (0.1% DMSO), 20 *μ*M EGCG, 0.5 nM LMB, 0.5 nM LMB + EGCG, 5 nM LMB, and 5 nM LMB + EGCG. Of all the CYPs measured, CYP3A4 was the only metabolic enzyme to express a significant change in gene expression ([Figure 3(a)](#fig3){ref-type="fig"}). CYP3A4 expression was significantly upregulated 7.1-fold (*P* \< 0.05) and 5.8-fold (*P* \< 0.05) in 5 nM LMB and 5 nM LMB + EGCG-treated cells compared to the control, respectively. In addition, CYP3A4 expression significantly decreased in the 5 nM LMB + EGCG-treated cells when compared to the 5 nM LMB alone-treated cells (*P* \< 0.05). EGCG-treated cells decreased in CYP3A4 mRNA expression when compared to the control, but the data was not significant.

3.4. Effects of LMB and EGCG on Phase II Metabolism {#sec3.4}
---------------------------------------------------

The gene expression levels of possible phase II enzymes, including GSTP1, SOD, and GPX1, were determined by qRT-PCR ([Figure 3(a)](#fig3){ref-type="fig"}, data not shown for GSTP1). SOD gene expression significantly increased 2.0-fold in cells treated with 5 nM LMB and 1.6-fold in the 5 nM LMB + EGCG-treated cells compared to the control (*P* \< 0.05). A significant decrease in SOD expression was observed in the combination treatment as compared to the 5 nM LMB treatment (*P* \< 0.05). Similarly, GPX1 gene expression significantly increased 4.6-fold in 5 nM LMB-treated cells and 3.0-fold in 5 nM LMB + EGCG-treated cells (*P* \< 0.05) compared to the control. GPX1 gene expression in the combination treated cells was significantly lower than the 5 nM LMB-treated cells (*P* \< 0.05).

3.5. Effects of LMB and EGCG on Cell Survival {#sec3.5}
---------------------------------------------

p21 and survivin gene expression were measured by qRT-PCR as well ([Figure 3(b)](#fig3){ref-type="fig"}). A549 cells treated with 5 nM LMB and 5 nM LMB + EGCG had a 42.6-fold (*P* \< 0.05) and 51.1-fold (*P* \< 0.05) decrease in survivin gene expression compared to controls, respectively. Cells treated with 5 nM LMB + EGCG had a greater downregulation of survivin compared to 5 nM LMB alone-treated cells, but it was not significant. p21 gene expression was significantly increased 13.1-fold in 5 nM LMB-treated cells (*P* \< 0.05) and 21.4-fold in 5 nM LMB + EGCG-treated cells (*P* \< 0.05) compared to the control. A significant increase in p21 gene expression was observed in the 5 nM LMB + EGCG treatment compared to the 5 nM LMB individual treatment (*P* \< 0.05). p53 gene expression did not change (data not shown). The results from qRT-PCR for p21 and survivin were further confirmed*via* Western blots ([Figure 4](#fig4){ref-type="fig"}).

4. Discussion {#sec4}
=============

The results of this study suggest that cell cytotoxicity is enhanced in A549 cells treated with LMB + EGCG compared to LMB alone, especially after 48 h. Furthermore, we demonstrated that ROS levels are greatest after 2 h following treatment. Phase I and II metabolic and oxidative enzymes as well as p21/survivin pathways are potentially responsible for the aforementioned observations. In order to identify an appropriate EGCG concentration to use for this study, an MTT assay was designed to test experimentally relevant concentrations (5--160 *μ*M) after 24 and 48 h. Furthermore, studies conducted in different cell lines have also found that EGCG treatment at a higher concentration for 24--72 h could promote significant increases in cytotoxicity \[[@B28], [@B29]\]. For instance, MCF-7 breast carcinoma cells exposed to approximately 200 *μ*M of EGCG for 24 h and V79-4 Chinese hamster lung cells exposed to approximately 100 *μ*M of green tea polyphenols for 48 h heeded a considerable decrease in cell viability \[[@B28], [@B30]\]. EGCG has been found to reduce cell viability in A549 cells through the inhibition of the proapoptotic gene, B-cell lymphoma-extra large (Bcl-xL) \[[@B31]\]. Additionally, Sakamoto et al. found that EGCG suppressed A549 cell growth through the inhibition of VEGF expression and stimulation of endostatin \[[@B32]\]. Our results found that 20 *μ*M EGCG resulted in no-observed cytotoxicity; therefore, all combination studies used this concentration.

Previous LMB studies conducted by our lab supported test concentrations of 0.25--10 nM LMB for 24 and 48 h LMB treatment \[[@B11], [@B12]\]. At 48 h, a marked reduction in cell cytotoxicity was observed in LMB and LMB + EGCG-treated A549 cells. Additionally, a previous study conducted by our lab found LMB-induced apoptosis and G2/M arrest in A549 cells, when compared to the control, using similar doses as were selected in the present study \[[@B11]\]. Cells dosed with LMB + EGCG had a greater overall cytotoxicity compared to the LMB alone-treated cells. These results were further corroborated by studies examining classic chemotherapy drugs in various cancer cell lines. A comprehensive review by Suganuma et al. found similar results in that EGCG combined with 5-fluorouracil \[[@B20]\], taxol \[[@B33]\], doxorubicin \[[@B34]\], gefitinib \[[@B35]\], or erlotinib \[[@B36]\] resulted in a synergistic growth inhibition in various cancers \[[@B37]\]. Cisplatin, a commonly employed platinum-based therapeutic in NSCLC treatment, is also highly effective, but oftentimes lung cancer cells become chemoresistant. A study conducted by Kim and Lee found that EGCG induced cytotoxicity in cisplatin-resistant A549 cells through the downregulation of cell survival proliferation genes, Axl and Tyro 3 \[[@B38]\]. Due to the results of these findings, it appears that LMB and EGCG cotreatment have a concerted effect on cellular growth inhibition in A549 cells and even have the potential to be effective in resistant cell lines.

The cytotoxic effects of EGCG were also tested in A549 cells with CRM1 stable knockdown (A549~CRM1−~), a cell line generated by our group using a short hairpin (shRNA) and pSilencer 4.1-CMV plasmid by G418 selection \[[@B39]\]. EGCG resulted in a greater cytotoxic effect in A549~CRM1−~ cells than wild type A549 cells (data not shown). A recent study demonstrated that curcumin, a major component of turmeric, targeted CRM1 and more specifically Cys528 and promoted the nuclear retention of FOXO1, which ultimately impacts cell cycle cascades \[[@B40]\]. Since EGCG, which differs from curcumin, did not change CRM1 expression, the observed synergistic cytotoxic effect of EGCG on A549~CRM1−~ could occur through an alternative but compensatory pathway(s). Future studies are needed to understand these additional mechanisms. Alternatively, due to the toxic nature of LMB observed in Phase I clinical trials, other CRM1 inhibitors have been developed and are undergoing testing. CBS9106 is a reversible CRM1 inhibitor that exhibited antitumor activity against*in vivo* and*in vitro* multiple myeloma cells \[[@B41]\]. Mutka et al. developed novel nuclear export inhibitors similar to LMB, but with protracted nuclear export and apoptosis in human papilloma squamous cell carcinoma, human colon carcinoma, human neuroblastoma, and the aforementioned cell lines xenografted in athymic mice \[[@B42]\]. The most promising CRM1 inhibitor for NSCLC appears to be KPT-185. Wang et al. found KPT-185 to exert significant cytotoxicity in 6 NSCLC cell lines, including drug resistant cell lines. In addition to*in vivo* studies, KPT-185 greatly reduced tumor size in mouse tumor xenografts \[[@B43]\]. Although these new CRM1 inhibitors appear to be promising based on preliminary studies, they too could be challenged when administered to human subjects, thereby emphasizing the importance of alternative therapeutic options like the one discussed in this study.

Upon exposure to individual and combination treatment, ROS levels were measured at 30 min to 48 h in A549 cells. At 2 h, ROS levels were at their greatest, with the lowest ROS amounts found at 48 h. The decline in ROS levels over time is possibly attributable to overall treatment killing of the cells, thereby resulting in reduced ROS levels. For instance, although the detected ROS level in the treated cells at 48 h was low, the ROS produced by the surviving cells after 48 h treatment could be artificially decreased due to treatment-related cytotoxicity. Therefore, the presence of ROS prior to the 24 h time point elicits cellular pathways that ultimately promote apoptosis in the cells at 48 h. In this study, it appeared that LMB + EGCG combination treatment promoted greater ROS levels than LMB treatment alone. This data suggests that EGCG is not acting as an antioxidant, but it is inducing oxidative stress in the A549 cells. The most recent literature concerning EGCG and ROS formation is equivocal, with many studies reporting conflicting evidence \[[@B44]\]. A study by Benzie and Szeto found a direct positive correlation between green tea polyphenol content and antioxidant activity using the ferric reducing/antioxidant power assay, and they also found that green tea possessed the greatest antioxidative activity when compared to other tea varieties \[[@B45]\]. Green tea extract and EGCG were both found to defend against oxidative stress in normal/malignant human bladder cells \[[@B46]\]. Conversely, Nakazato et al. demonstrated an increase in ROS during EGCG-induced apoptosis in retinoic acid-resistant acute promyelocytic leukemia cells \[[@B47]\]. Similarly, Li et al. found that ROS levels increased during EGCG-induced apoptosis in human hepatoma cells \[[@B48]\]. Additionally, in terms of LMB, Jang et al. showed that LMB treatment in U937 leukemia cells did not result in ROS formation and was not attributable to LMB-induced apoptosis \[[@B49]\]. Little evidence is available with regard to the possible oxidative damage induced by LMB treatment, but our results indicate that LMB could potentially contribute to ROS levels observed in this system. It also appears that, upon initial treatment, ROS levels are greatest in cells cotreated with EGCG, thereby supporting the classification of EGCG as a prooxidant. Finally, our data using NAC pretreatment in A549 cells showed a significant decrease in ROS induction and these findings further support that LMB and/or EGCG combination treatment contributes to the observed ROS formation.

Metabolism of LMB individual and LMB + EGCG combination treatments was determined by testing Phase I enzymes (CYP1A1/1A2/1B1/3A4) using qRT-PCR. The mRNA level of CYP3A4 was the only Phase I enzyme to exhibit a change in gene expression upon treatment. CYP3A4 gene levels were greatest at 5 nM LMB, followed by 5 nM LMB + EGCG, suggesting that CYP3A4 is inducible and involved in LMB metabolic pathways. CYP3A4 is an important Phase I enzyme that is responsible for the metabolism of approximately half of prescribed pharmaceuticals \[[@B50]\]; for instance, chemotherapeutics are common substrates of CYP3A4 \[[@B51]\]. Based on our qRT-PCR results, CYP3A4 could play an important role in LMB metabolism and EGCG by itself inhibited, but not significantly, CYP3A4 induction. Nakamura et al. found EGCG to metabolically inhibit CYP3A4 upon treatment \[[@B52]\]. These results might explain the finding regarding the decrease of CYP3A4 in LMB + EGCG combination treatment compared to LMB treatment, which could reduce the LMB Phase I metabolism by EGCG to maintain LMB efficacy and further increase cell cytotoxicity, as observed. Due to the inhibition of CYP3A4 by EGCG, which can be observed in the EGCG alone and the 5 nM LMB + EGCG cotreatments, it is likely that the Phase I metabolism of LMB is delayed. Ultimately, this inhibition promotes elevated LMB concentrations to persist and exert further cytotoxic effects to A549 cells.

A similar trend was observed in the Phase II enzymes, SOD and GPX1, with 5 nM LMB having the greatest gene expression, followed by 5 nM LMB + EGCG. It is believed that the upregulation of these antioxidant defense enzymes was observed in response to the enhanced ROS levels following treatment, as well as possible Phase II metabolism of LMB. Both SOD and GPX1 are important to cells because they convert ROS to oxygen and water in order to eliminate oxidative damage in the cell \[[@B53]\]. In accordance with our findings, EGCG displayed prooxidant behaviors in human lung cancer H1299 cells by inducing ROS formation, and SOD was responsible for quenching the ROS formed as a product of EGCG exposure \[[@B27]\]. Additionally, Song et al. found catalase and SOD introduction to eliminate ROS formation in Jurkat and 293T cells \[[@B54]\]. EGCG has been shown to downregulate GPX1 in human hepatocellular carcinoma BEL7402/5-FU cells \[[@B55]\]. Conversely, green tea polyphenols administered to the drinking water of female SKH-1 hairless mice promoted the induction of GPX1 in lung tissues of mice \[[@B56]\]. In another study examining immune regulation conducted by Liu et al., EGCG helped to restore SOD levels in concanavalin A-challenged mice \[[@B57]\]. EGCG was also found to restore SOD and GPX1 in free fatty acid-induced peripheral insulin resistant Wistar rats \[[@B48]\]. Altogether, these controversial findings regarding EGCG on SOD and GPX1 expression need to be further investigated. Nevertheless, little data regarding the metabolism of LMB is currently available and this study offers new insight into the possible metabolic pathways involved in LMB and EGCG treatment of A549 cells ([Figure 5](#fig5){ref-type="fig"}).

Next, p21 and survivin mRNA were measured using qRT-PCR. p21 expression was greatest at 5 nM LMB + EGCG, followed by 5 nM LMB alone. Survivin expression decreased with 5 nM LMB + EGCG decreasing the most, followed by 5 nM LMB alone-treated cells. Our previous studies demonstrated that LMB by itself promotes p21 upregulation and survivin downregulation in A549 cells \[[@B11], [@B12]\]. Similar to the present findings, Fujiki et al. utilized a human cancer cDNA array and found that the chemotherapeutic drug, sulindac, and EGCG cotreatment upregulated p21 expression as well \[[@B58]\]. In lung cancer, p21 is an important inhibitor of cyclin-dependent kinases (CDKs) and it has been shown to be activated*via* p53-dependent \[[@B59]\] and p53-independent \[[@B60]\] pathways. Shoji et al. found that, in NSCLC, p21 serves as a useful prognostic factor in patients since it was measured in 51.5% of the patients tested and the five-year survival rate of those patients was 73.8%, which was significantly greater than the p21-negative patients \[[@B61]\]. The findings of this study emphasize the importance of p21 as a useful biomarker or determinant of a good prognosis, which possibly explains the beneficial effects of LMB and EGCG cotreatment in A549 cells in the present study. Due to the lack of alterations in p53 mRNA expression and p-p53 (Ser15) protein expression (data not shown), it could be deduced that p21 might act through p53-independent pathways in this study. Interestingly, LMB + EGCG combination treatment resulted in a synergistic effect on p21.

Survivin is a member of the inhibitor of apoptosis (IAP) family and it is often overexpressed in NSCLC, which is indicative of a poor prognosis in patients \[[@B62]\]. Cancer cells upregulate and sequester survivin in the cytoplasm where it maintains its antiapoptotic function. The nuclear localization of survivin ultimately enhances the sensitivity of cancer cells to chemotherapeutics \[[@B63]\]. Since LMB inhibits CRM1 nuclear-cytoplasmic export, survivin levels decreased, as expected. Additionally, studies using NUGC-3 gastric cancer cells and MCF-7 breast cancer cells both found that EGCG treatment resulted in significant reductions in survivin expression \[[@B64], [@B65]\]. A study conducted by Hossain et al. confirmed that survivin is highly expressed in malignant neuroblastoma SK-N-BE2 and SH-SY5Y cells, and upon silencing of survivin, EGCG had a greater anticancer capacity, further suggesting the importance of survivin inhibition in cancer \[[@B66]\]. Based on the findings in the present study, the increased p21 expression prompts a greater inhibition of CDKs which are crucial to cell cycle signaling and transcription, while decreased survivin expression prevents the inhibition of apoptosis. Ultimately, the decreased p21 but increased survivin expression levels could contribute to the observed cytotoxicity in A549 cells upon 5 nM LMB and 5 nM LMB + EGCG treatment.

Overall, this study offers new insight into the metabolism of LMB and cotreatment of A549 cells with LMB and EGCG. The data reveals the enhanced cytotoxicity observed during cotreatment. ROS levels attained maximal concentrations at the initial onset of treatment (2 h), in which EGCG acts as a prooxidant, but slowly declined after LMB and EGCG began to elicit their cytotoxic effects. LMB Phase I metabolism appeared to be mediated through CYP3A4, and Phase II oxidative metabolism was facilitated by both SOD and GPX1 enzymes. Finally, EGCG enhanced LMB cytotoxicity appeared to occur through inhibition of these drug metabolism enzymes, upregulation of p21, and downregulation of survivin mRNA and protein expression. Additional studies, such as mouse tumor xenograft studies, could provide important information to help us gain a better understanding revolving the use of the polyphenol, EGCG, in combination with LMB treatment in NSCLC.
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![(a) The cytotoxicity of EGCG on A549 cells. Cells were seeded in 96-well plates (5 × 10^3^ cells/well) and treated with EGCG (0--160 *μ*M) for 24 and 48 h. (b) The cytotoxicity of LMB and LMB + EGCG on A549 cells. Cells were treated with LMB (0--10 nM) for 24 and 48 h or LMB (0--10 nM) + EGCG (20 *μ*M) cotreatment for 24 and 48 h. After treatment, 10 *μ*L of 5 mg/mL MTT was added to each well and incubated at 37°C for 3 h. The medium was aspirated and the remaining formazan was solubilized with DMSO and absorbance was measured at 570 nm (reference wavelength of 630 nm). Data are expressed as the percentage of the value as compared to the cells treated with the vehicle control. Data represented as mean ± SE.](OMCL2015-217304.001){#fig1}

![The effects of LMB, LMB + EGCG, or NAC on ROS production. Data are expressed as means ± SE of three replicate experiments. Cells were seeded in 96-well plates (5 × 10^3^ cells/well) and treated for 30 min, 2, 4, 12, 24, and 48 h. A549 cells were also pretreated for 2 h with 10 mM NAC and then treated with LMB and/or EGCG for 2 and 4 h upon NAC removal. ROS formation in cells was detected using DCFDA and the ROS fluorescence was measured at an excitation of 485 nm and an emission of 535 nm. The fluorescence in treated cells at each time point was compared to the respective control. E: 20 *μ*M EGCG; 0.5L: 0.5 nM LMB; 5L: 5 nM LMB; NAC: 10 mM NAC pretreated for 2 h. ^∗^ *P* \< 0.05 as compared to control; ^\#^ *P* \< 0.05 as compared to 5 nM LMB.](OMCL2015-217304.002){#fig2}

![qRT-PCR results of (a) CYP3A4, SOD, and GPX1 gene expression and (b) p21 and survivin gene expression in A549 cells treated for 48 h. Total RNA was collected from the treated cells following the RNeasy kit instructions. Total RNA (50 ng) was then amplified using a one-step RT-PCR kit with SYBR green. The Ct values of the genes of interest were normalized to GAPDH and the fold-change in gene expression was calculated using the ΔΔCt method. Nontemplate controls were included in every experiment. E: 20 *μ*M EGCG; 0.5L: 0.5 nM LMB; 5L: 5 nM LMB; ^∗^ *P* \< 0.05 as compared to control; ^\#^ *P* \< 0.05 as compared to 5 nM LMB.](OMCL2015-217304.003){#fig3}

![Western blots of p21 and survivin in A549 cells treated for 48 h. Protein was extracted from cells using RIPA lysis buffer. Protein concentration was determined using a Bio-Rad Bradford protein assay. Protein lysate (30 *μ*g) was separated using 12% SDS-PAGE and transferred to a PVDF membrane. After immunoblotting with primary and secondary antibodies, membranes were visualized by chemiluminescence and exposed to X-ray film. E: 20 *μ*M EGCG; 0.5L: 0.5 nM LMB; 5L: 5 nM LMB.](OMCL2015-217304.004){#fig4}

![Hypothesis of EGCG on LMB metabolisms. LMB is possibly metabolized by the Phase I enzyme, CYP3A4, followed by Phase II enzymes. EGCG contributes to the formation of ROS, as well as inhibiting Phase I and II enzymes in A549 cells exposed to LMB + EGCG. → induction; ⊥ inhibition.](OMCL2015-217304.005){#fig5}

###### 

Forward and reverse primers of genes used in qRT-PCR.

  Primer     Forward primer (5′ to 3′)   Reverse primer (5′ to 3′)
  ---------- --------------------------- ---------------------------------
  GAPDH      GGTGGTCTCCTCTGACTTCAACA     GTTGCTGTAGCCAAATTCGTTGT
  CRM1       GGAACCAGTGCGAAGGAATA        TTTCGCTGGTCCTACTTGCT
  CYP1A1     TGGTCTCCCTTCTCTACACTCTTGT   ATTTTCCCTATTACATTAAATCAATGGTTCT
  CYP1A2     AACAAGGGACACAACGCTGAAT      GGAAGAGAAACAAGGGCTGAGT
  CYP1B1     CACTGCCAACACCTCTGTCTT       CAAGGAGCTCCATGGACTCT
  CYP3A4     CTTCATCCAATGGACTGCATAAAT    TCCCAAGTATAACACTCTACACAGACAA
  SOD        GCTGACGGCTGCATCTGTT         CCTGATTTGGACAAGCAGCAA
  GPX1       TATCGAGAATGTGGCGTCCC        TCTTGGCGTTCTCCTGATGC
  GSTP1      GCCCTACACCGTGGTCTATT        GGTCTCCGTCCTGGAACTTG
  p21        GACACCACTGGAGGGTGACT        CAGGTCCACATGGTCTTCCT
  Survivin   AGCCAGATGACGACCCCATT        GCAACCGGCCGAATGCTTTT
  p53        GGCCCACTTCACCGTACTAA        GTGGTTTCAAGGCCAGATGT
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